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Summary
Almost all eukaryotic cells form cilia/flagella, main-
tain them at their genetically specified lengths, and
shorten them. Here, we define the cellular mecha-
nisms that bring about shortening of flagella prior to
meiotic cell division and in response to environmen-
tal cues in the biflagellated green alga Chlamydomo-
nas. We show that the flagellar shortening pathway is
distinct from the one that enforces transient shorten-
ing essential for length control. During flagellar short-
ening, disassembly of the axoneme is stimulated over
the basal rate, and the rate of entry into flagella of
intraflagellar transport (IFT) particles is increased.
Moreover, the particles entering the disassembling
flagella lack cargo. Thus, flagellar shortening depends
on the interplay between dynamic properties of the axo-
neme and the IFT machinery; a cell triggered to
shorten its flagellum activates disassembly of the ax-
oneme and stimulates entry into the flagellum of IFT
particles possessing empty cargo binding sites avail-
able to retrieve the disassembled components.
Introduction
In addition to their well-recognized motile functions,
cilia and flagella are essential in sensory perception
and signal transduction (Pazour and Witman, 2003; Ro-
senbaum and Witman, 2002; Scholey, 2003; Snell et al.,
2004). For example, primary cilia are essential for gen-
eration of left-right asymmetry (McGrath et al., 2003;
Nonaka et al., 1998), for regulation of kidney epithelial
cell differentiation and physiological function (Nauli et
al., 2003; Praetorius and Spring, 2003), and in verte-
brate sonic hedgehog signaling (Huangfu et al., 2003;
Liu et al., 2005). Defects in the primary cilium also un-
derlie several important human disorders (Barr, 2005;
Boletta and Germino, 2003; Igarashi and Somlo, 2002;
Pan et al., 2005; Wilson, 2004; Katsanis, 2004; Li et al.,
2004; Mykytyn and Sheffield, 2004). In spite of their key
roles, we are only just beginning to learn how these
organelles are regulated.
Flagella and cilia are dynamic structures whose com-
ponents undergo continuous turnover at their distal ends
(Marshall and Rosenbaum, 2001; Song and Dentler, 2001;
Stephens, 1997). Turnover is a consequence of disas-
sembly of flagellar components at the tip of the struc-
tural core of the flagellum, the axoneme, coupled with
axonemal assembly driven by continual delivery of fla-
gellar precursors to the tip from their site of synthesis*Correspondence: william.snell@utsouthwestern.eduin the cell body. In a mature cilium or flagellum, assem-
bly and disassembly are in balance. A remarkable motil-
ity system unrelated to flagellar beating, called intrafla-
gellar transport (IFT), accomplishes the bidirectional
transport of axonemal components between the cell
body and the flagellum (Cole, 2003; Cole et al., 1998;
Kozminski et al., 1993; Piperno and Mead, 1997; Ro-
senbaum and Witman, 2002; Scholey, 2003). IFT par-
ticles, which are composed of at least 17 distinct pep-
tides forming A and B complexes, bind to cargo
(axonemal precursors) in the cell body cytoplasm near
the basal body. Driven by the anterograde microtubule
motor heterotrimeric kinesin 2, IFT particles along with
their cargo enter the flagellum and move along the
outer doublet microtubules to the tip of the axoneme,
where the cargo is unloaded for assembly. The newly
empty particles are available to pick up disassembled
components of the axoneme for transport by cytoplas-
mic dynein 1b back to the cell body.
New features of the IFT machinery continue to be
identified. Snow et al. (2004) reported that an additional
anterograde motor, Osm-3 kinesin, not only functions
redundantly with kinesin-II to transport IFT particles
along doublet microtubules in the middle segment of
C. elegans cilia, but alone it also transports IFT par-
ticles along the distal singlet microtubules to stabilize
the distal segment and possibly play a role in length
control. In addition, Ou et al. (2005) recently showed
that two C. elegans homologs of human Bardet-Biedl
syndrome proteins, BBS-7 and BBS-8, are essential for
binding between the A and B complexes of IFT par-
ticles and that interaction of the Osm-3 motor with the
A complex requires a new ciliary protein, DYF-1.
Now that many of the components of the IFT ma-
chinery have been characterized, it is important to
understand regulation of IFT. Several studies have ex-
amined IFT during flagellar growth and during length
maintenance (Iomini et al., 2001; Marshall et al., 2005;
Marshall and Rosenbaum, 2001; Mueller et al., 2005;
Qin et al., 2004). Marshall et al. (2005) provided compel-
ling evidence that newly forming and full-length flagella
in Chlamydomonas contain equivalent amounts of IFT
particles per flagellum. This novel observation that a
fixed amount of IFT particles is used to build a flagellum
and maintain it, and the evidence that flagellar growth
rate decreases with length, led to a balance-point
model for length regulation (Marshall et al., 2005; Mar-
shall and Rosenbaum, 2001). The model posits that as
a flagellum is built from a short stub into a full-length
organelle, because the quantity of IFT particles in a fla-
gellum does not change with length, the rate of arrival
of particles and their cargo at the tip of the flagellum
decreases with increasing length. When the rate of de-
livery/assembly of components at the tip comes into
balance with the rate of disassembly of components at
the tip, the flagellum has reached its steady-state length.
Studies on several long flagella (lf) mutants in Chla-
mydomonas, including lf1, lf2, lf3, and lf4, have also
begun to yield new information and other models about
how cells regulate the length of their flagella (Berman
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et al., 2003). Berman et al. (2003) identified the gene
disrupted in the lf4 mutant, which possesses flagella
that are 1.5–2 times the length of those of wild-type
cells, and found that it encodes a member of the MAP
kinase family of protein kinases. Berman et al. (2003)
proposed that the LF4 protein (LF4p) enforces flagellar
length by inducing transient flagellar shortening when
the organelle reaches its preset length, and they sug-
gested that LF4p could function by regulating IFT. A
member of the MAP kinase family of protein kinases
also regulates flagellar length in the parasitic protozoan
Leishmania (Wiese et al., 2003). In related studies on
Chlamydomonas, glycogen synthase kinase 3 has also
been shown to play a role in length control (Wilson and
Lefebvre, 2004). Finally, during fertilization in Chlamy-
domonas, the singlet microtubules at the distal ends
elongate, a regulated event that has been postulated to
involve the Chlamydomonas homolog of Osm-3 (Snow
et al., 2004).
Flagellar/ciliary shortening also occurs under circum-
stances not related to length control (Lefebvre et al.,
1978; Pan et al., 2004; Solter and Gibor, 1978). Cells
resorb their flagella during the mitotic cell cycle, and,
prior to meiotic cell division, newly formed zygotes re-
sorb their flagella completely (Marshall et al., 2005; Pan
et al., 2004; Randall et al., 1967). In addition, and pre-
sumably as an adaptive mechanism to minimize ex-
posed plasma membrane (only the cell body is en-
closed by an extracellular matrix), cells growing in
liquid medium shorten and completely resorb their fla-
gella upon incubation of the cells in low concentrations
of sodium pyrophosphate (NaPPi) or isobutylmethyl-
xanthine (IBMX). This adaptive shortening is reversible,
and when cells are returned to their normal growth me-
dium, they immediately begin to increase flagellar
length back to normal (Lefebvre et al., 1978).
In previous studies on Chlamydomonas, we showed
that activation of a protein phosphorylation pathway
mediated by the aurora protein kinase CALK was
essential for shortening of flagella (Pan et al., 2004).
Based on our studies, we proposed that cells would
regulate the IFT machinery at several steps during
shortening (Snell et al., 2004). Because knowing how
cells accomplish flagellar shortening is important for a
full understanding of these ubiquitous organelles, we
have examined the cellular mechanisms that underlie
their orderly disassembly. Here, we show that although
flagellar shortening depends on the IFT machinery,
cells employ additional regulatory mechanisms during
shortening that are not evident in flagellar growth and
length control. We find that shortening is independent
of the length control protein LF4p and that the axo-
nemal disassembly mechanism is activated over its
basal rate. Moreover, we made the surprising observa-
tions that the rate of entry of IFT particles into flagella is
stimulated several-fold during shortening and that the
newly entering particles are bereft of cargo.
Results and Discussion
Flagellar Shortening and Flagellar Length Control
To determine whether the regulatory pathway active in
length control was essential for flagellar shortening, we
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gxamined shortening in lf4 mutant cells, which possess
lagella that are 1.5–2 times as long as wild-type flagella
Berman et al., 2003). We induced shortening by incu-
ating cells in 20 mM sodium pyrophosphate (NaPPi),
well-established, fully reversible method (Lefebvre et
l., 1978; Pan et al., 2004; Quader et al., 1978). In previ-
us studies on shortening, we showed that the aurora
rotein kinase CALK became phosphorylated when
ild-type cells were induced to shorten their flagella by
variety of methods, including incubation in NaPPi
Pan et al., 2004). If LF4p is in the shortening pathway
pstream of CALK phosphorylation, then CALK should
ot undergo this posttranslational modification when
f4 mutant cells are incubated in NaPPi. As shown in
igure 1A, however, we found that as with wild-type
ells, when lf4 cells were transferred to NaPPi, CALK
nderwent phosphorylation, reflected by a shift in its
igration in SDS-PAGE. To test if LF4p was in the
hortening pathway downstream of CALK, we as-
essed flagellar lengths in lf4 mutants exposed to
aPPi. As expected, before incubation in NaPPi, the
verage length of the flagella on the lf4 cells was about
.5 times greater than that of wild-type cells (Figure 1B).
oreover, the lf4 cells transferred to NaPPi shortened
heir flagella, and the rate of shortening was indistin-
uishable from that of wild-type cells (Figure 1B). Theigure 1. The LF4 Protein Is Not Required for Flagellar Shortening
A) Anti-CALK immunoblots of wild-type (WT) and lf4 mutant cells
ncubated in minimal medium with 20 mM NaPPi for the times indi-
ated.
B) Graphs showing average flagellar lengths (flagella on at least
5 cells were determined for each time point). Flagellar length mea-
urements are expressed as mean ± SEM.
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433fact that LF4p was not required for flagellar shortening
indicated that the signaling pathway that brings about
shortening is distinct from the LF4p-dependent path-
way that enforces flagellar length.
Activation of Disassembly of the Axoneme
We also tested whether the rate of disassembly during
flagella shortening was similar to or greater than the
basal disassembly rate that occurs at the flagellar tip
in cells with full-length flagella. To do this, we used the
fla10-1 mutant, which has a temperature-sensitive
lesion in the anterograde motor heterotrimeric kinesin
2 (Cole et al., 1998; Huang et al., 1977; Lux and Dutcher,
1991; Walther et al., 1994). At the permissive temper-
ature, fla10-1 mutants exhibit IFT and form flagella of
normal length. When transferred to the nonpermissive
temperature, however, IFT particle movement into the
flagella ceases within 40–60 min (Cole et al., 1998; Koz-
minski et al., 1995; Pan and Snell, 2002). Cessation of
IFT blocks assembly of the axoneme, since cargo no
longer is delivered to the flagellar tip. With assembly
stopped, the flagella slowly shorten, because the disas-
sembly mechanism at the tip continues at its basal rate
(Marshall et al., 2005; Marshall and Rosenbaum, 2001).
Thus, as originally described by Marshall and Rosen-
baum (2001), in fla10-1 cells at 32°C, the rate of flagellar
shortening should be a direct reflection of the basal
rate of disassembly of the axoneme.
We measured flagellar shortening in fla10-1 cells at
the nonpermissive temperature in minimal medium
alone and in minimal medium containing NaPPi. In mini-
mal medium alone, shortening of fla10-1 mutants (Fig-
ure 2A) at 32°C was much slower than shortening of
wild-type cells at 23°C in NaPPi (Figure 1B), in which
IFT was fully functional. In addition, shortening of fla10-1
cells in minimal medium alone at 32°C was slower than
NaPPi-induced shortening in fla10-1 cells at the per-
missive temperature (Figure 2B). Thus, as shown pre-
viously, cells could shorten their flagella in the absence
of IFT, but shortening was much more rapid when the
IFT machinery was functional (Marshall et al., 2005; Qin
et al., 2004). Importantly, though, we found that flagellar
shortening in the fla10-1 cells treated with NaPPi at
32°C was increased over that exhibited by fla10-1 cells
at 32°C in minimal medium alone (Figure 2A). (Analysis
by the Student’s t test indicated that the differences
in the mean flagellar lengths at each time point were
significant at a confidence level of p < 0.001.) These
results demonstrated that when the flagellar shortening
pathway was activated, even in the absence of IFT,
cells responded by stimulating the axoneme disassem-
bly mechanism.
Stimulation of the IFT Machinery
We tested directly whether the IFT machinery was regu-
lated during flagellar shortening by using immunoblot-
ting to analyze the amounts of IFT proteins in flagella
isolated from control cells and from cells undergoing
flagellar shortening. To isolate flagella from zygotes un-
dergoing the shortening that precedes cell division dur-
ing meiosis, we mixed mating type plus (mt+) and mat-
ing type minus (mt−) gametes together to allow flagellar
adhesion and gamete fusion to form quadriflagellatedFigure 2. Axonemal Disassembly in Cells Undergoing Flagellar
Shortening Is Increased over the Basal Rate and Depends on IFT
(A and B) Flagellar shortening in the temperature-sensitive IFT
anterograde motor mutant fla10-1 in the presence and absence
of NaPPi at (A) nonpermissive and (B) permissive temperatures.
Flagellar lengths from at least 32 cells at each time point were mea-
sured. NaPPi was added after the cells had been at 32°C for 1 hr
(arrow), a time when IFT has ceased. Flagellar length measure-
ments are expressed as mean ± SEM.zygotes. Within seconds after mixing, gametes adhere
to each other by their flagella, undergo gamete activa-
tion, and, within 5–15 min, fuse to form quadriflagel-
lated zygotes. Typically, about 80% of starting gametes
fuse to form zygotes (Pan and Snell, 2002; Snell and
Roseman, 1979). Figure 3A shows gametes before mix-
ing (left panel), mixed gametes undergoing flagellar ad-
hesion (middle panel, arrow) and the first steps of fu-
sion (middle panel, arrowhead), and quadriflagellated
zygotes (right panel; an unfused gamete is also pres-
ent). Albeit not as synchronous as the shortening in-
duced by NaPPi or IBMX (Lefebvre et al., 1978), the
flagellar shortening that occurs in zygotes begins about
3 hr after gametes are mixed and is usually complete
by 4–5 hr (Cavalier-Smith, 1974; Randall et al., 1967;
Weeks and Collis, 1979). At 3 hr, such samples contain
a mixture of unfused gametes whose flagella did not
shorten and zygotes at various stages of flagellar short-
ening. Figure 3B shows frames from a movie (Movie S1;
see the Supplemental Data available with this article
online) taken of a single zygote as it shortened its fla-
gella. Shortening occurred in about 2 hr, and the four
flagella shortened simultaneously.
Consistent with previous results, CALK was unphos-
phorylated in the starting gametes (Figure 3C, G− and
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434Figure 3. Increased Trafficking of IFT Proteins in Flagella during Shortening
(A) DIC images of mt+ and mt− gametes undergoing fertilization to form zygotes. The arrow in the middle panel points to adhering flagella,
and the arrowhead points to mt+ and mt− gametes just beginning to fuse.
(B) Stills from Movie S1 (Supplemental Experimental Procedures) showing shortening of flagella on a single zygote. Recording began 2.5 hr
after the gametes were mixed together.
(C) Immunoblot analysis of CALK in mt+ and mt− gametes and 1 hr (Z1h) and 3 hr (Z3h) zygotes. The slower mobility of CALK indicates
protein phosphorylation (Pan et al., 2004).
(D) Immunoblot analysis of IFT particle proteins IFT139 and IFT72, cytoplasmic dynein (D1blLC), kinesin 2 (FLA10), and tubulin (α-tubulin) in
flagella isolated from gametes and zygotes. Equal amounts of total flagellar proteins were loaded on the gels.
(E–F#) Wild-type cells were induced to undergo flagellar shortening for 30 min by treatment with (E and E#) 20 mM NaPPi or (F and F#) 0.5
mM IBMX. (E and F) Flagella were isolated from the cells and analyzed by immunoblotting to detect levels of the IFT proteins described
above. Mean flagellar lengths are shown in (E#) and (F#). Flagellar length measurements are expressed as mean ± standard deviation.
(G) Immunoblot analysis of equal amounts (total flagellar protein) isolated from wild-type cells after a 5 min incubation in 20 mM NaPPi,
before shortening could be detected.
(H) Immunoblot analysis of flagella isolated from control cells and from cells incubated in NaPPi for 5 min in the presence and absence of
the protein synthesis inhibitor cycloheximide (CHX).G+) and 1 hr zygotes (Figure 3C, Z1h), and it became
phosphorylated when the zygotes began to shorten
their flagella at around 3 hr (Figure 3C, Z3h). We as-
sessed the amounts of IFT particle proteins and motor
proteins in the flagella isolated from the culture at 1 and
3 hr by immunoblotting analysis of equal amounts of
flagellar protein (Figure 3D). Immunoblotting with an an-
tibody to α-tubulin documented equal protein loading.
We made the surprising discovery that the amounts of
IFT particle proteins (IFT139 from complex A and IFT72
from complex B) and of both the anterograde and retro-
grade IFT motors (motor subunit FLA10 of the antero-
grade motor kinesin 2 and motor subunit D1bILC of the
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oetrograde motor DHC1b) were increased in the short-
ning flagella (Figure 3D).
To determine if the increase in IFT components in fla-
ella was a feature of flagellar shortening per se, and
o be able to work with cells undergoing highly syn-
hronous flagellar shortening, we examined IFT in cells
nduced to shorten their flagella by incubation in NaPPi
Figure 3E). Measurements of flagellar lengths con-
irmed shortening in the treated cells (Figure 3E#). As
hown in Figure 3E, flagella isolated from cells induced
o undergo shortening for 30 min showed an increase
n all of the IFT components comparable to that which
ccurred in zygotes shortening their flagella. Similar re-
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435sults were also obtained in experiments with another
agent, IBMX, that induces shortening (Figures 3F and
3F#). Taken together, the results indicated that, inde-
pendently of whether the cue was environmental or de-
velopmental, when cells were triggered to shorten their
flagella, they responded by stimulating the IFT ma-
chinery.
Several explanations were possible for the increase
of IFT in flagella of cells exposed to conditions that in-
duced shortening. One was that the particles along
with their motors gradually accumulated in response to
the signals. Another was that the increase reflected a
higher amount of particles and their motors trafficking
through the flagella. Accumulation of particles and mo-
tors was unlikely, however. The velocities of IFT par-
ticles in Chlamydomonas flagella are about 2 m/s for
anterograde movement and 3.5 m/s for retrograde
movement. Since flagella are w10–15 m long, this
means a particle that enters a flagellum makes its full
round trip in 8–12 s. Put another way, all of the particles
within a flagellum cycle back to the cell body approxi-
mately every 10 s. Thus, if particles were being trans-
ported into flagella but did not exit, they would have
built up rapidly. Particles would also accumulate if the
rates of anterograde or retrograde movement were re-
duced. In the original descriptions of IFT, however, Koz-
minski et al. (1993, 1995) examined both rates, and they
found that they were constant in growing, steady-state,
and shortening flagella.
In addition, phase-contrast examination of cells un-
dergoing shortening did not reveal swelling or other
morphological changes that would be expected if par-
ticles accumulated (Perrone et al., 2003; Piperno et al.,
1998; Tam et al., 2003). Most importantly, when we ana-
lyzed flagella isolated from cells after 5 min (Figure 3G),
instead of 30 min (Figure 3E), of incubation with NaPPi,
we found that the increase in IFT proteins had occurred
by 5 min. Moreover, the extents of increase in amounts
of IFT particles and their motors in flagella from the
treated cells compared to untreated cells were similar
at the two times. In addition, and as expected, the in-
crease occurred in the presence of the protein synthe-
sis inhibitor cycloheximide (Figure 3H). Taken together,
these results indicated that during flagellar shortening,
an increased number of IFT particles being transported
by their motors were entering and exiting the flagella
from a preexisting pool in the cell body (Cole et al.,
1998).
Increased Retrograde Cargo Coupled with Inhibition
of Anterograde Cargo Loading
The above results demonstrated that flagellar shorten-
ing does not require the length-control protein LF4p
and instead exhibits at least two cellular events not ob-
served in cells in minimal medium with flagella at their
steady-state length: stimulation of axonemal disassem-
bly over the basal rate and an increase in the amount
of IFT particles and their motors transiting through fla-
gella. To confirm the morphological results in Figure 2,
indicating that the rate of disassembly of the axoneme
was increased during shortening, we used biochemical
methods to detect disassembly. In a recent study on
IFT cargo, Qin et al. (2004) showed that the radialspoke, one of the principal components of the axo-
neme, is assembled in two steps. A portion is preas-
sembled as a 12S complex in the cell body and trans-
ported as anterograde cargo to the flagellar tip. In the
second step of radial spoke assembly, the 12S complex
is assembled onto the axoneme at the tip along with
other radial spoke components and becomes the ma-
ture 20S radial spoke complex. Qin et al. (2004) also
showed that during disassembly of the axoneme in
fla10-1 cells at 32°C in minimal medium, the radial
spokes were released in the 20S form from the ax-
oneme.
To examine disassembly of the axoneme during fla-
gellar shortening, we used flagellar fractionation, su-
crose gradient centrifugation, and immunoblotting to
assess the amounts of 12S and 20S radial spoke com-
plexes in the nonaxonemal fraction of flagella isolated
from wild-type control cells and from wild-type cells un-
dergoing flagellar shortening. Axonemal precursors and
disassembled axonemal components are in the soluble
(membrane/matrix) fraction of isolated flagella, which is
the supernatant resulting from centrifugation of de-
tergent-treated, isolated flagella. The 12S radial spoke
complex in the membrane/matrix fraction would not yet
have been incorporated into the axoneme, and the 20S
complex in the fraction is a product of axonemal disas-
sembly. RSP1, one of the protein subunits of both the
12S and 20S radial spoke complexes, was used as a
marker for the complexes. In the membrane/matrix
fraction of full-length flagella isolated from control cells,
the amounts of 12S and 20S complexes were approxi-
mately equal. This result was similar to that reported
previously (Qin et al., 2004) and was expected since
assembly and disassembly are balanced at steady-
state length. On the other hand, in flagella isolated from
cells undergoing flagellar shortening, the 20S complex
was much more abundant than the 12S complex (more
than 6-fold) and more abundant than the 20S complex
in the control sample (more than 2-fold) (Figure 4A).
This result independently demonstrated that during fla-
gellar shortening in wild-type cells, the rate of disas-
sembly of the axoneme was stimulated over the basal
rate.
Finally, the analysis of the radial spoke complexes in
shortening flagella also provided evidence for another
regulatory event during shortening. Previous studies on
length control have indicated that a more rapid rate of
arrival of IFT particles and their cargo at the tip of the
flagellum correlated with a more rapid rate of lengthen-
ing (Marshall and Rosenbaum, 2001). Furthermore, two
different long-flagella mutants, lf3 (Tam et al., 2003) and
lf1 (Perrone et al., 2003), have increased amounts of IFT
proteins in the flagella. Thus, unless cells whose fla-
gella were shortening regulated the loading of cargo
onto IFT particles as they entered the flagellum, the in-
creased particle entry we observed in the cells under-
going shortening might have been expected to stimu-
late assembly. As shown in Figure 4A, however, even
though the amount of IFT particles and their motors
transiting through the flagella increased 4-fold (Figure
4B), the amount of cargo entering the flagella, as mea-
sured by a marker for IFT anterograde cargo—the radial
spoke 12S complex—did not increase. Thus, cargo
loading was uncoupled from IFT particle entry, and the
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436Figure 4. Disassembly of the Axoneme Is Increased and Loading of
Anterograde IFT Cargo Is Decreased in Flagella Isolated from Cells
Undergoing Flagellar Shortening
(A and B) The membrane/matrix fractions of flagella isolated from
control cells and from cells induced to undergo shortening by a 5
min incubation in NaPPi were analyzed by sucrose density gradient
centrifugation and immunoblotting with antibodies against a (A) ra-
dial spoke protein (RSP1) and an (B) IFT particle protein (IFT139).
One large batch of cells was split into two equal portions for use
in the control and NaPPi experiments. Flagella were isolated in par-
allel to ensure that equal amounts of flagella were used for the
analyses.
(C) Assays for protein concentration (not shown) and immunoblot-
ting with an anti-EB1 antibody (Pedersen et al., 2003) confirmed
that equivalent amounts of membrane/matrix fractions from the
same numbers of flagella were loaded on the sucrose gradients.
(D) A model for flagellar shortening. The presence of a flagellum
depends on interplay between the dynamic properties of the axo-
neme and the IFT machinery. Developmental or environmental cues
to remove a flagellum influence both of these systems. During fla-
gellar shortening, both the rate of axonemal disassembly and the
amount of IFT particles transiting through the flagellum are in-
creased. Moreover, as a consequence of inhibition of loading of
anterograde cargo, the newly entering IFT particles are empty, and
their cargo binding sites are available to retrieve disassembled ax-
onemal components at the flagellar tip for transport back to the
cell body.
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grade cargo.
In summary, we have identified a complex regulatory
system that controls the disassembly of a cellular
organelle, the eukaryotic flagellum. When cells were
triggered to shorten their flagella, they activated disas-
sembly of the axoneme over the basal rate; they upreg-
ulated the amount of IFT particles and their motors
transiting through flagella; and particles entering the
flagella were lacking cargo, thereby making cargo bind-
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ang sites available for retrieval of disassembled axo-
emal components from the flagellar tip.
Many cells with flagella or a primary cilium, including
he flagellated protozoan parasites that cause some of
he most devastating diseases in humans worldwide
Gull, 2003; Vannier-Santos et al., 2002), disassemble
he organelles during cell growth and development and
uring adaptation to changing environmental condi-
ions (Rosenbaum, 2003; Iomini et al., 2004; Quarmby,
004). Prior to cell division in vertebrate cells, the pri-
ary cilium is resorbed, thereby freeing the centriole in
he basal body for its role in formation of the mitotic
pindle (Tucker et al., 1979). Polycystic kidney disease,
he most common lethal, monogenic disorder in hu-
ans, is a cilium-related disorder whose phenotype is
ell overproliferation. Thus, understanding the mecha-
isms of shortening of flagella and cilia is important for
full understanding of the regulation of cell prolifera-
ion and human disease.
Assembling, maintaining, and disassembling a motile
nd sensory organelle that projects several microns
rom the cell and contains several hundreds of proteins
rganized into multiple, supramolecular complexes
ust be stunningly complex (Li et al., 2004; Piperno et
l., 1977). The events we describe here are likely to be
ust a few of the members of a long list of regulatory
rocesses to be identified that control cilia and flagella.
xperimental Procedures
ell Culture, Special Chemicals, Flagellar Length Measurements,
ifferential Interference Contrast Microscopy,
nd Live Cell Imaging
hlamydomonas reinhardtii strains 21gr (mt+) (CC-1690) and 6145c
mt−) (CC-1691) are available from the Chlamydomonas Genetics
enter, Duke University. The fla10 mutant (fla10-1, mt+) was from
oel Rosenbaum (Yale University), and an lf4 null mutant (lf4) was
rovided by Paul Lefebvre (University of Minnesota). Cell culture
onditions were as described elsewhere (Pan and Snell, 2000). Veg-
tative 21gr and 6145c cells were induced to become gametes by
ncubation in medium without nitrogen, followed by culturing in
ontinuous light at room temperature. To induce zygote formation,
qual numbers of mt+ and mt− gametes were mixed together and
llowed to undergo flagellar adhesion and cell fusion to form quad-
iflagellated zygotes. In the experiments with cycloheximide
Sigma, St. Louis, MO), a final concentration of 10 g/ml was used.
or flagellar disassembly experiments, cells were incubated in so-
ium pyrophosphate (NaPPi; Sigma) in minimal medium (Lefebvre
t al., 1978; Pan et al., 2004) to yield final concentrations of 20 mM.
or some experiments, 0.5 mM IBMX was used to induce flagellar
isassembly. To induce flagellar disassembly in fla10-1 mutants,
ells were incubated at 32°C in a water bath in the absence or
resence of NaPPi. Flagellar length measurements, which were
arried out on 30–50 cells for each time point, and differential inter-
erence contrast (DIC) microscopy were as described previously,
xcept that the cells were not stained with Eosin Y (Pan et al.,
004). To record flagellar shortening during zygotic development
rior to meiosis, young zygotes were immobilized in 0.75% low-
elling agarose (Sigma, #A-4018) to restrict flagellar motility. Time-
apse images were acquired with a Zeis Axiovert 200M inverted
icroscope, a 63× 1.4 NA plan apo lens (with additional 1.6× ampli-
ication), and a Hamamatsu Orca-285 camera. The images were
rocessed with Openlab software.
lagellar Isolation and Sucrose Gradient Analysis
lagella were isolated essentially as described in Pan and Snell
2000), except that ice-cold 25% sucrose in 10 mM Tris (pH 7.2)
as added to yield a final concentration of 7% sucrose immedi-
tely after cells were deflagellated by pH shock. Sedimented fla-
Disassembling the Eukaryotic Cilium/Flagellum
437gella were resuspended in HMDEK buffer (20 mM HEPES [pH 7.2],
5 mM MgCl2, 1 mM DTT, 1 mM EDTA, 25 mM KCl) containing prote-
ase inhibitor cocktail (Roche) and flash-frozen in liquid nitrogen. To
obtain flagella from zygotes, equal numbers of mt+ and mt− ga-
metes were mixed together, and, at the indicated times, flagella
were isolated. To isolate flagella from experimentally treated cells,
equal numbers of 21gr vegetative cells from the control and treated
samples were used. Typically, we obtained equal amounts of flagel-
lar protein from untreated and 5 min NaPPi-treated cells based on
protein measurements (Bio-Rad Protein Assay, cat. # 500-0006,
Bio-Rad), consistent with the observation that although the short-
ening process (which takes 2–3 hr to complete) had begun, little
actual shortening had occurred. For flagellar samples subject to
sucrose gradient analysis, soluble flagellar proteins—the mem-
brane/matrix fraction—were obtained by resuspending freshly iso-
lated flagella in 0.05% NP-40 in HMDEK containing 1 mM ATP, fol-
lowed by centrifugation at 50,000 rpm at 4°C for 15 min. Equal
amounts of flagellar soluble proteins from treated and untreated
cells were loaded for sucrose gradient analysis. Sucrose gradient
analysis of flagellar soluble proteins was as previously described,
except that 1.8 ml linear 10%–25% sucrose gradients were used
and 24 fractions were collected from the bottom and analyzed by
immunoblotting. Immunoblot results from fractions 2–14 are
shown.
SDS-PAGE and Immunoblotting
SDS-PAGE on 4%–15% or 7.5% polyacrylamide gels and immu-
noblotting were carried out as previously described (Pan and Snell,
2000). For immunoblot analysis of flagellar samples, equal amounts
of total flagellar protein were used, except for the sucrose gradient
fractions, when we loaded equal volumes of each fraction. For im-
munoblot analysis with anti-CALK antibody (Pan et al., 2004), sam-
ples from equal numbers of starting gametes were used. Anti-EB1
(1:1000), anti-FLA10 (neck) (1:5000), anti-IFT72.2 (1:2500), and mo-
noclonal anti-IFT139 (1:5000) antibodies were generously provided
by Dennis Diener and Joel Rosenbaum, Yale University. Polyclonal
anti-D1bLIC antibody (1:250) was kindly provided by George Wit-
man, University of Massachusetts (Hou et al., 2004). Monoclonal
anti-α-tubulin antibody was obtained from Sigma (cat. # 9026). The
relative amounts of IFT protein and RSP1 proteins were assessed
by densitometry by using NIH image analysis software.
Supplemental Data
Supplemental Data include a movie showing shortening of zygo-
tic flagella and can be found with this article at http://www.
developmentalcell.com/cgi/content/full/9/3/431/DC1/.
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